Frontal QRS-T angle is related with hemodynamic significance of coronary artery stenosis in patients with single vessel disease Objective: Fractional flow reserve (FFR) measurement is used to decide the hemodynamic significance of coronary artery lesion. QRS-T angle (QRSTa) is a novel marker of myocardial repolarization abnormality and is affected by obstructive coronary artery disease. The aim of the present study was to evaluate the association between QRSTa and coronary FFR measurement in patients with isolated left anterior descending (LAD) artery stenosis.
Introduction
Coronary artery disease (CAD) is still the leading cause of morbidity and mortality worldwide. Coronary angiography is important for the diagnosis and treatment of coronary atherosclerotic diseases. Coronary revascularization provides angina relieving and myocardial ischemia resolving via epicardial flow improvement. However, the angiographic severity of stenosisguided coronary intervention results in increased revascularization rates in patients without hemodynamically significant coronary artery stenosis. According to recent guidelines, fractional flow reserve (FFR) measurement is strongly recommended to evaluate the hemodynamic significance of coronary lesions when the coronary artery stenosis is between 50% and 90% (1) . It has been demonstrated in several clinical studies that FFR-guided coronary intervention improves cardiovascular outcomes and reduces adverse coronary events (2, 3) .
The frontal QRS-T angle (QRSTa) was first described as the absolute value of the difference between ventricular depolarization (QRS axis) and repolarization (T axis) as a novel marker of myocardial depolarization and repolarization heterogeneity (4) . QRSTa abnormalities reflect the electrical instability of ventricular myocardium and predict adverse cardiovascular outcomes and total mortality, especially in patients with CAD (5) . It was demonstrated that obstructive coronary artery stenosis linked to transient ischemic episodes causes ventricular axis changes (6) . However, the functional significance of coronary lesions related to QRSTa changes has not been studied until now. The aim of the present study was to evaluate the association between QRSTa and hemodynamic significance of coronary artery stenosis in patients with isolated left anterior descending (LAD) artery stenosis.
Methods
Study population A total of 197 consecutive patients with stable angina pectoris and/or with positive exercise testing undergoing FFR measurement for isolated proximal or midsegment of LAD artery stenosis from August 2009 to June 2018 were retrospectively enrolled in the present study. Patients with complete and incomplete right or left bundle branch block, acute coronary syndrome, pathological Q wave on a 12-lead electrocardiography (ECG), known cardiomyopathy or moderate to severe valvular heart disease, history of percutaneous or surgical coronary revascularization procedure, history of previous myocardial infarction, ECGs without clearly analyzable QRS and T axes, and obstructive coronary atherosclerosis >50% stenosis with the exception of LAD artery were excluded from the study.
Demographic and clinical variables, prior to FFR measurement, were recorded. Biochemical analyses including complete blood count, serum creatinine, total cholesterol, lowdensity lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, triglyceride (TG), and serum electrolyte levels were assessed. A 12-lead surface ECG of all subjects that had been recorded before performing coronary angiography was evaluated. The study was approved by the local ethics committee.
Electrocardiography A 12-lead surface ECG (Cardiofax M Model ECG-1250; Nihon Kohden Corporation, Tokyo, Japan) that had been performed in the supine position, with a 25 mm/s paper speed and a voltage of 10 mm/s, before performing coronary angiography, was evaluated retrospectively. Patients with complete and incomplete right or left bundle branch block or pathological Q wave on a 12lead ECG were excluded from the study. The frontal QRSTa was calculated as the absolute value of the difference between the frontal plane QRS and T axes. If such a difference was >180°, QRSTa was adjusted to the minimal angle as 360° minus the absolute value of the difference between the frontal plane QRS and T axes ( Fig. 1 ) (4). Control ECG was obtained 3 months later after the procedure for patients undergoing revascularization with an FFR value ≤0.80 to determine QRSTa differences. Additionally, QT and QTc values were measured. The QT interval was measured from the beginning of the QRS complex to the end of the T wave. QTc interval was calculated by using Bazett's formula as QTc interval=QT/√(RR interval) (7) . While the frontal QRSTa was measured automatically, QT and QTc interval measurements were performed by two different cardiologists who were blinded to the patient data via using a software after ×400 magnification.
The observer agreement for cross-sectional measurements was excellent for both intra-observer variability (r=0.98, p<0.001) and inter-observer variability (r=0.99, p<0.001).
FFR measurement
Coronary angiography was performed through femoral access for all subjects. Left main coronary artery ostium was cannulated with a guiding catheter without side holes after the administration of an intra-arterial heparin bolus of 5000 U. The pressure monitoring guidewire (PrimeWire, Volcano, San Diego, CA, USA) was positioned and calibrated before the LAD artery stenosis. Then, guidewire passed through into the lesion to the distal arterial bed, and baseline distal intracoronary pressure was recorded before adenosine administration. FFR is expressed as the ratio of distal coronary pressure and proximal coronary or aortic pressure measured at the tip of the guiding catheter during maximal hyperemia. An FFR value ≤0.80 was defined as low FFR and functionally significant myocardial ischemia. If such a ratio >0.80, intracoronary adenosine administration was performed to obtain maximal hyperemia by successively increasing the adenosine dose until no further decrement in the FFR value was observed (8) . According to the FFR value, patients were divided into two groups as group 1 with normal FFR value (>0.80) and group 2 with low FFR value (≤0.80).
Statistical analysis
Statistical analysis was made using the SPSS software (IBM SPSS Statistics for Windows, version 21.0, released 2012; IBM Corp., Armonk, NY, USA). Pearson chi-square test or Fisher's exact test was performed for categorical variables. Kolmogorov-Smirnov test was used to analyze the distribution of variables. Data were expressed as mean±standard deviation for normal distribution, median (25 th -75 th percentiles) for non-normal distribution, and n (%) for categorical variables. While Mann-Whitney U test was used for comparison of quantitative variables with non-normal distribution, Student's t-test was used for comparison of the means between the two groups with normal distribution. Paired sample t-test was used for related samples with normal distribution. Spearman or Pearson correlation analyses were performed for correlations between ordinal variables or continuous variables. Receiver operating characteristic (ROC) analysis was conducted to determine the optimal QRSTa cut-off value to indicate the hemodynamic significance of coronary artery lesion with respect to both sensitivity and specificity. Multivariate logistic regression analysis was used for predicting the independent predictors of low FFR value. A p-value <0.05 was considered statistically significant.
Results
A total of 197 patients undergoing FFR measurement due to isolated LAD artery stenosis were formed into two groups, with 139 patients as group 1 with normal FFR value (>0.80) and 58 patients as group 2 with low FFR value (≤0.80). There were only seven patients who had a basal FFR value ≤0.80 without adenosine administration and 51 patients who had ≤0.80 after adenosine administration. The baseline demographic and clinical variables of the study population are shown in Table  1 . There were no statistically significant differences in age; gender; smoking status; diabetes mellitus; hypertension; hy-perlipidemia; peripheral arterial disease; atrial fibrillation presence; complete blood count measurements; creatinine, total cholesterol, LDL cholesterol, HDL cholesterol, and TG levels; medication usage; body mass index; left ventricle end-diastolic and end-systolic diameters; interventricular septum (IVS) thickness; and ejection fraction rates between the two groups. However, the mean age of group 2 was significantly higher than that of group 1 (61±11 and 64±11, p=0.044). Adenosine dosage (μg) [250 (120-600) and 225 (150-400), p=0.009], pre-adenosine FFR value [0.94 (0.82-1.0) and 0.89 (0.62-1.0), p<0.001], and post-adenosine FFR value [0.87 (0.81-0.97) and 0.76 (0.64-0.79), p<0.001] were lower in group 2 than in group 1 with statistical significance.
Electrocardiographic measurements of the whole group are shown in Table 2 . While there were no differences in heart rate, QRS duration, and QTc interval between the two groups, QT interval [377 (359-397) and 379 (367-410), p=0.045] and frontal QRSTa [59 (10-120) and 86 (22-132), p<0.001] were higher in group 2 with statistical significance (Fig. 2 ). Based on 58 patients undergoing revascularization with an FFR value ≤0.80, post-procedural QRSTa values were lower than pre-procedural values (80.24±58 and 76.28±58, p=0.014). While the mean QRSTa value was higher in patients with a basal FFR value ≤0.80 without intracoronary adenosine administration, there was no statistically significant difference in QRSTa between patients without and with a basal FFR value ≤0.80 [66 (56-89) and 86 (57-100), p=0.244].
Univariate logistic regression analysis was used to evaluate predictors of hemodynamically significant coronary lesion with pre-procedural or post-procedural FFR value utmost 0.80. Variables, with statistical significance in univariate analysis, were 1 FFR evaluated in multivariate logistic regression analysis, and adenosine dosage [odds ratio (OR)=0.995, 95% confidence interval (CI)=0.991-0.999, p=0.011], QT interval (OR=1.046, 95% CI=1.010-1.084, p=0.012), and frontal QRSTa (OR=1.025, 95% CI=1.010-1.041, p=0.001) were found to be independent predictors of low FFR value (≤0.80) ( Table 3) .
While Spearman correlation analysis revealed a negative correlation between QRSTa and post-adenosine FFR value (r=−0.149, p=0.041), there was no correlation between QRSTa and pre-adenosine FFR value (r=−0.048, p=0.505). Additionally, there was a positive correlation between QRSTa and IVS thickness (r=0.244, p=0.001) ( Fig. 3 ). However, there was no correlation between FFR value and QT interval (r=−0.083, p=0.255) and QTc interval (r=−0.107, p=0.144). There were also no correlations between age and QT interval (r=−0.17, p=0.811), QTc interval (r=0.001, p=0.991), and QRSTa (r=0.119, p=0.096).
ROC analysis was conducted to determine the optimal QRSTa cut-off value to indicate the hemodynamic significance of coronary artery lesion. The highest combined sensitivity and specificity values crossed the curve at 63.5° (sensitivity 74% and specificity 57%). The area under the curve was 0.665 (95% CI=0.578-0.752) ( Fig. 4) .
Discussion
In the present study, frontal QRSTa was demonstrated to be significantly wider in the presence of low FFR value in patients with isolated LAD artery stenosis, and that also QT interval was longer in the same group than in patients with normal FFR value. Additionally, there was an inverse association between QRSTa and post-adenosine FFR value that predicts functionally significant coronary lesion, and there was a positive correlation between QRSTa and IVS thickness. Frontal QRSTa and QT interval were also determined as independent predictors of low FFR value.
Obstructive coronary atherosclerosis is still the most important determinant on prognosis worldwide (1). Hemodynamically significant lesions cause epicardial coronary flow impairment resulting in ischemia-related adverse events. Detecting ischemia is of importance for avoiding ischemia linked to adverse cardiac outcomes and improvement of symptoms due to the mentioned reasons. Proven ischemia has been documented before performing revascularization due to the incoherence between angiographic and functional severity of coronary stenosis in patients with stable CAD. Owing to this, in recent guidelines, invasive hemodynamic evaluation with FFR measurement is recommended to treat patients with ischemic heart disease (1). While FFR-guided coronary intervention leads to relieve anginal symptoms with similar low rates of adverse events and improves cardiovascular outcomes, it also reduces the number of unnecessary revascularization procedures (4, 5, 9) . Thus, FFR correlated new indicators are needed to predict ischemia due to the mentioned proven efficacy of FFR on detecting ischemia.
The frontal QRSTa is a novel marker as the absolute value of the difference between frontal QRS axis and T axis on 12-lead sur- face ECG. QRSTa abnormalities reflect the heterogeneity of myocardial repolarization and electrical instability. It has been demonstrated that frontal QRSTa becomes effective on determining the repolarization abnormalities before overt ECG changes appear (4). Normally, the consequence of the balanced regulation of electrical activity and recovery, ventricular depolarization, and repolarization axis are in similar direction (10) , and it results in sharp QRS axis. Chronically ischemic myocardium causes delayed conduction in the local Purkinje fibers and partial depolarization and repolarization of the ventricle (11) . It results in slow activation of the myocardium. This slow activation is one of the most important reasons of the instability of depolarization and repolarization homogeneity (12) . In conclusion, damaged or inhomogeneous areas of the myocardium due to ischemia result in abnormal ventricular repolarization, and a widening QRSTa appears. In our study, we revealed that hemodynamically significant occlusion into the epicardial coronary artery results in ischemia-related wider QRSTa. Moreover, a significant narrowing in the QRSTa after revascularization was demonstrated. It supports the impact of ischemia on ventricular repolarization calculated by QRSTa. Owing to the mentioned reasons, patients with ischemic myocardium with low FFR value and with wider QRSTa at the same time.
In previous studies, QRS and T axis changes have been found to be related with transient ischemic episodes in patients with coronary artery occlusion (6) , and also the relationship between multivessel CAD and wide QRSTa was demonstrated by Colluoglu et al. (13) . It supports the QRSTa as an important predictor of ischemia. Additionally, QRSTa is associated with adverse cardiac events in several populations. In the previous study by Aro et al. (14) , 10,957 middle-aged subjects from the general population were evaluated, and wide QRSTa was found to be associated with 2.26-fold increased sudden arrhythmic death and 1.57-fold increased all-cause mortality. Gotsman et al. (15) evaluated 5038 patients with heart failure during the mean follow-up period of 576 days. QRSTa wideness was a predictor of rehospitalization due to heart failure and also increased mortality rates. Wide QRSTa was associated with increasing 30-day and 2-year mortality in a study with two large cohort groups including 1843 and 550 patients with acute coronary syndrome, respectively (16) . In the ARIC study, 13,973 participants were evaluated by Zhang et al. (17) . With adjustment for demographic and clinical characteristics, frontal QRSTa was a strong predictor of total mortality with a >50% increased risk and was a strong predictor of incident CAD with a 74% increased risk. de Torbal et al. (18) also revealed that wide QRSTa is associated with a 1.5 times higher risk of 6-year mortality in patients with ischemic chest pain. These results could be explained by clinically significant coronary atherosclerosis-related QRS axis changes. In support to these, there was a strong association between wide QRSTa and hemodynamically significant coronary obstruction. It may be one of the most important reasons of QRSTa linked to adverse cardiac events. FFR measurement is important to detect the extent and importance of ischemia (1-3). In our study, post-adenosine FFR value was demonstrated to be negatively correlated with QRSTa. This means that wide QRSTa becomes more apparent in the presence of increased ischemia. However, pre-adenosine FFR measurement did not show the same correlation. It may result from the insufficient number of patients with baseline low FFR value before adenosine administration. On the other hand, it could be the reason of increased adenosine dosage for patients with normal FFR value (>0.80).
In previous studies, it was demonstrated that ventricular repolarization markers can be prolonged in the presence of left ventricle hypertrophy (LVH). Tanriverdi et al. (19) demonstrated that patients with LVH have wider frontal QRSTa than patients without LVH. Left ventricular mass index was also found to be positively correlated with frontal QRSTa. Additionally, frontal QRSTa was the only independent predictor of LVH (19) . According to these findings, there was a strong correlation between QRSTa and IVS thickness as an indicator of LVH.
QT interval reflects ventricular repolarization, such as QRSTa, and prolonged values are related with ischemia. In a metaanalysis, QT interval prolongation was found to be related with coronary atherosclerotic disease and adverse cardiovascular outcomes (20) . Similar results have been demonstrated in the MESA study from 6273 participants without clinically apparent cardiovascular disease (21) . In our study, the clinical importance of QT interval with prolonged value in the presence of hemodynamically significant coronary artery obstruction was supported. While FFR-based ischemia-related QT prolongation was demonstrated in our study, the same result could not be exhibited for QTc interval due to the small sample size of the study.
In light of foregoing data, ischemia linked to repolarization markers, such as QRSTa and QT interval, appears to be correlated with the hemodynamic significance of coronary obstruction and have a broad usage to detect ischemia before performing an invasive procedure. It was also supported in our study by independent risk factors of FFR-related ischemia, such as prolonged QT interval and wide QRSTa. However, large scale studies are needed for future investigations.
Study limitations
The small sample size of the study was the main limitation. The lack of patient follow-up visits, such as adverse cardiovascular outcomes, including reintervention rates and mortality, was the other limitation. In addition, the association between QRSTa and adverse events was not evaluated. Additionally, in some studies, it was demonstrated that spatial QRSTa can be superior than frontal planar QRSTa for cardiac risk protection. The lack of data about spatial QRSTa values is the other limitation.
Conclusion
In our study, we demonstrated that FFR measurement was correlated and can be anticipated with wide QRSTa as a nonin- 
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Sensitivity vasive and easy method. Thus, we suggest that the frontal QRS-T angle can be used for selected patients to determine the hemodynamic significance of coronary artery lesion and treatment modality.
